Abstract Turbulence structures of high Reynolds number flow in the near-neutral atmospheric boundary layer (ABL) are investigated based on observations at Shionomisaki and Shigaraki, Japan. A Doppler sodar measured the vertical profiles of winds in the ABL. Using the integral wavelet transform for the time series of surface wind data, the pattern of a descending high-speed structure with large vertical extent (from the surface to more than 200-m level) is depicted from the Doppler sodar data. Essentially this structure is a specific type of coherent structure that has been previously shown in experiments on turbulent boundary-layer flows. Large-scale high-speed structures in the ABL are extracted using a long time scale (240 s) for the wavelet transform. The non-dimensional interval of time between structures is evaluated as 3.0-6.2 in most cases. These structures make a large contribution to downward momentum transfer in the surface layer. Quadrant analyses of the turbulent motion measured by the sonic anemometer (20-m height) suggest that the sweep motion (high-speed downward motion) plays a substantial role in the downward momentum transfer. In general, the contribution of sweep motions to the momentum flux is nearly equal to that of ejection motions (low-speed upward motions). This contribution of sweep motions is related to the large-scale high-speed structures.
Introduction
Many laboratory experiments have demonstrated the existence of coherent turbulence structures in boundary-layer and pipe flows (e.g., pioneered by Kline et al. 1967; Corino and Brodkey 1969) , and the results have revealed the large contributions that these structures make to the production of turbulence and turbulent transfer. Coherent structures, intermittent and spatially local flow patterns in turbulence have also been investigated in other types of flow, such as turbulent jets (Crow and Champagne 1971) and plane turbulent mixing layers (Brown and Roshko 1974) . The structures appear in various forms, including streaks and vortices.
Most experiments on coherent structures were performed under conditions of low Reynolds number (Re <10 4 ) or in the near-wall region. In the case of the atmospheric boundary layer (ABL), the Reynolds number of the flow is very high (Re ≈ 10 8 ) and the layer is very extensive (from the surface to ≈1 km in height). Therefore, the conditions are very different from those under which coherent turbulence structures were typically examined.
Large-eddy simulation (LES) models are capable of handling high Reynolds number conditions, and many studies on turbulence structures in the ABL have been performed using LES. For a neutrally stratified boundary layer, Deardorff (1972) demonstrated the existence of banded structures in the lower levels and Lin et al. (1996) studied coherent structures and flow dynamics in more detail. Although these studies have revealed many important properties of the turbulent boundary layer, the characteristics of the turbulent model for the subgrid scale are considered to influence the overall features of turbulence structures, as pointed out by Khanna and Brasseur (1998) .
Field experiments in the ABL have resolved turbulence structures called microfronts (Gao et al. 1989 (Gao et al. , 1992 or gust fronts (Hayashi 1992) , that structures are small-scale frontal structures containing distinct high-speed regions. Under near-neutral conditions at levels within and above a forest canopy, Gao et al. (1989) reported a flow structure consisting of a weak ejection (the region of upward motion) from the canopy top 3 followed by a strong sweep (the region of downward motion) into the canopy. The sweep transports dry air into the canopy and forms a microfront in the humidity field. Hayashi (1992) observed the horizontal structure of wind speed fluctuations in the surface layer with a network of anemometers, revealing a gust front at the forward edge of the highspeed region. These structures are considered to represent certain types of coherent structures in the ABL. However, as these previous experiments were conducted only in the region near the surface or plant canopy (sometimes in the roughness sublayer), the overall features of these turbulence structures in the ABL remain unclear.
Recent developments in remote sensing techniques have made it possible to visualize three-dimensional flow patterns in the ABL. Drobinski et al. (2004) showed elongated structures in the streamwise direction close to the ground with organized regions of alternating high-and low-speed fluid from observations using a high-resolution Doppler lidar. These "streaks" of higher velocity fluid were oriented parallel to the surface wind direction with a horizontal spacing of approximately 300 m in the cross-wind direction.
As these observations demonstrate, there appears to be many types of coherent structures in the ABL, moreover under a variety of atmospheric stability conditions (e.g. Barthlott et al. 2007 ). Nevertheless, turbulence structures at higher levels in the ABL (above the surface layer) have not been investigated in detail from observational results.
Based on the results of theoretical considerations and experimental data, Hunt and Morrison (2000) proposed new concepts for the driving mechanisms and the statistics for the neutrally stratified turbulent boundary layer at very high Reynolds numbers. They suggested that the dominant mechanism is the impingement of "large-scale eddies" at the wall and the subsequent generation of rapidly increasing shear stresses within internal shear layers. These large-scale eddies are originally situated in the "middle layer" of the boundary layer, and the above process leads to the generation of small-scale turbulence and some upscale transfer of energy. Their "top-down" picture differs from the "bottomup" instability-surface interaction mechanisms proposed in many previous studies.
Following Hunt and Morrison (2000) , the essential mechanisms for turbulent eddies 4 impinging on the wall were studied by Hunt and Carlotti (2001) using linearised rapid distortion theory. They derived predictions of the turbulence statistics in the surface layer, where eddies are affected by local shear dynamics, and in the "eddy surface layer" (lower sublayer) where quasi-independent sloping elongated eddies interact directly with the wall. Drobinski et al. (2007) presented evidence of the multiscale nature of the turbulent eddies in the neutral surface layer from the combined use of the experimental database and numerical simulations. A linear relation between the height and large-eddy scales was not applicable to the smaller eddies in the eddy surface layer, suggesting different dynamical processes driving the large and small eddies. This is consistent with the topdown picture of Hunt and Morrison (2000) .
The purpose of the present study is to investigate the features of turbulence structures in the neutral ABL, especially turbulence characteristics relating to coherent structures.
Specifically, the definition of the neutral boundary layer is used here for conditions in which the mechanical (shear) production of turbulent kinetic energy (TKE) is much larger than the buoyant production. The turbulence structures in such a neutral boundary layer are expected to have different aspects from those in the stable or unstable boundary layer, because the effect of buoyancy on the structures is very small. Furthermore, since most laboratory experiments were made in neutral conditions, observational results are readily compared with those experiments. In our study, field experiments for the near-neutral ABL were carried out at Shionomisaki and Shigaraki in Japan, and the characteristics of turbulence structures at these locations are examined.
Observations
Observations of the ABL were made at Shionomisaki in the period November to (Kato et al. 1984) . The surrounding terrain with some undulation is not optimal for the observation of surface-layer turbulence, but even so, the surface around the site is mostly covered by forest that continues more than approximately 2 km in all directions. Since an open field containing the antennae of the MU radar is situated near the observation point, data periods with this wind direction were not used for the analysis.
At the Shionomisaki site, a sonic anemometer-thermometer (DA-600, Kaijo Co., Tokyo, Japan) was installed at a height of 20 m on the tower of the main research office for the measurement of surface (horizontal and vertical) wind and stability. The sampling rate for this instrument was 10 Hz. Furthermore, at the same time as the Doppler sodar measurements, the full structure of the ABL was observed using a transportable S-band (frequency, 3.05 GHz) boundarylayer radar (Yamamoto et al. 2002) duration of 300 ms. At the same time, the full structure of the ABL was observed using an L-band (frequency, 1.3575 GHz) lower troposphere radar (Hashiguchi et al. 2004) , in a similar manner to the S-band boundary-layer radar at Shionomisaki.
For the data analysis, a number of discrete cases in the daytime, in which the boundary layer was near neutral, were selected from the full set of observations. The change in wind speed over the period of this case is thus relatively small. The surface wind was northerly or north-westerly with mean directions of 340, 351, 321, and 313°. At Shionomisaki, the wind blows along the fetch over land for this wind direction.
The stability parameter for the surface layer, which is the ratio of the observation height (z) to the scaling length (L, the Obukhov length), is expressed as
where g is the acceleration due to gravity, θ is the potential temperature, w is the vertical velocity component, u  is the friction velocity, and k is the von Karman constant (= 0.4).
The prime denotes the fluctuation from the mean (for each part in this study), the overbar denotes the time average, and ( ) 0 denotes the surface value. The friction velocity is the reference velocity and is given by
Where τ 0 is the surface shear stress, ρ is the density of air, and u is the streamwise , which is the ratio of the buoyant production of turbulence to the shear production.
To be precise, the three-dimensional mean wind vector may not be situated in the horizontal plane owing to the sloping terrain. Therefore, for the analysis of data measured by the sonic anemometer at 20-m height, a coordinate transformation is applied. First, the three-dimensional mean wind direction is deduced from the original three velocity components in the instrument"s reference frame. Next, the u velocity component is taken Specifically, observational cases with the stability parameter in the range of |z/L| < 0.1 are considered to be in near-neutral conditions in our study.
The roughness length z 0 was calculated as 0.7, 1.2, 1.4, and 0.8 m for parts 1 to 4 from the mean value of u and the friction velocity u  assuming the logarithmic wind profile.
This value of roughness length is susceptible to the change in wind direction (different surface features) and possibly other factors. The corresponding spectral characteristics of turbulence are shown in Fig. 2 . Frequency (f)-weighted power spectra for the u and w components (P u and P w ) for each part are normalized with respect to u  2 and shown as a function of non-dimensional frequency n (= u fz / ). Further, these spectra are averaged over parts 1 to 4. Finally, the large scatter in 9 spectral estimates is reduced by smoothing with a frequency window after Kaimal and Finnigan (1994) . In Fig. 2 , broad spectral peaks are observed near a non-dimensional frequency of 0.02 for the u component and 0.4 for the w component. As the nondimensional frequency is the ratio of height z to wavelength λ (= f u / ), these peak locations correspond to spatial scales of 1000 and 50 m.
To investigate the most effective scale of turbulence in the downward transfer of momentum towards the surface, the cospectrum of the streamwise and vertical velocity components (u and w) is analyzed. In this case, the cospectrum represents the contribution of eddies on each scale with respect to the mean value of u′w′ (Reynolds shear stress).
The u and w velocity components are taken in the manner described above. Negative values of the cospectrum imply a downward momentum flux. Figure The features outlined above are similar to those reported in previous studies on surface-layer turbulence under neutral stability conditions (e.g. Kaimal and Finnigan 1994) . In subsequent sections, we describe the results for December 8, 1998 at Shionomisaki as a typical case. Other observational cases at Shionomisaki and Shigaraki are used in order to examine the more general characteristics.
Turbulence Structures in the Atmospheric Boundary Layer
The wind structure of the ABL was observed using the Doppler sodar, and we show the case examined in the previous section, which was observed at Shionomisaki on December 8, 1998. Figure 4 shows the mean vertical profiles of horizontal wind speed (U) and wind direction for part 1 up to a height of 350 m. These profiles reveal small changes in wind 10 speed above 100 m and in wind direction over the entire measured range. The wind speed varies approximately logarithmically with height at levels below 100 m, which probably corresponds to the surface layer. On the other hand, the depth of the ABL can be estimated from the abrupt decrease in echo intensity of the S-band boundary-layer radar at the top of the layer, since atmospheric turbulence is the primary cause of the echo and its intensity is usually weak above the ABL. In this case, the estimated average depth of the ABL is 1.1 km. Therefore, the Doppler sodar measures wind profiles in the lower part of the ABL. On the occasion of this observation, wind measurements using the S-band radar were insufficient for the construction of vertical profiles. 
where (1/a)Ψ((t -b)/a) is a wavelet, and Ψ(t) is an analyzing wavelet (mother wavelet).
The asterisk denotes the complex conjugate of the function. The scale parameter a affects the size and amplitude of the wavelet, and the translation parameter b sets the location of the wavelet. The discrete form of Eq. (3) is applied to the present measurements.
It is clear from Eq. (3) that the value of the wavelet coefficient is also dependent on the shape of the analyzing wavelet. From the various analyzing wavelets proposed previously, the "Mexican Hat" wavelet function is employed here, given by
a function that is well localized in both time and frequency, with a smooth and symmetrical shape. It has been used in studies on turbulence (e.g. Gao and Li 1993; Chen and Hu 2003) . As the scale parameter a is the half-width of the positive part of this wavelet, the time scale defined by the value of 2a is used for sorting structures of different scales. In order to examine the energy distribution for the scale, the wavelet variance spectrum W(a) (e.g. Collineau and Brunet 1993; Thomas and Foken 2007 ) is calculated as follows:
High-speed wind events with large time scales are identified by applying the wavelet transform to surface-layer turbulence data measured by the sonic anemometer. For the wavelet transform, we calculate the fluctuation from the mean for the streamwise velocity component in the horizontal plane (u′) and normalize the result with respect to its standard deviation (σ u ) in each part, taking into consideration the gradual change in mean wind speed and the magnitude of fluctuations during one case (period of 218 min). As the wavelet variance spectrum does not show a distinctive peak at the larger time scale (>100 s), a fixed time scale of 160 s (a = 80 s) is used for the purpose of detecting large structures such as high-speed wind events indicated in Fig. 5 . Conversion of the time scale into the spatial scale using Taylor"s frozen turbulence hypothesis yields a scale of approximately 800 m from the mean value of u in this case. This spatial scale is near to the average depth of the ABL. In this connection, the time scale used here is larger than the dominant (most probable) or characteristic (mean) value of structure duration in previous studies (Barthlott et al. 2007; Thomas and Foken 2007) .
From the series of wavelet coefficients on the translation parameter b, we pick up high-speed wind events with relative maxima exceeding a threshold value. This threshold value has an effect on the number of detected events and the resulting averaged pattern of the structure. Moreover, the lower threshold leads to the large variation in wind fields between the events. In order to capture a distinctive structure with a sufficient number of events, a certain threshold value was applied (2.8 to this case). Using data from the Doppler sodar, a conditionally averaged wind pattern is then constructed from six detected events in this observational case and depicted on a time-height cross-section (zero is the time of the events) (Fig. 6) . The fluctuations of streamwise (u) and vertical (w) velocity components, normalized with respect to their standard deviations (σ u and σ w ), are used for averaging. In From the position of maximum normalized u′ relative to the location of the detected events at 20-m height, the tilt angle is estimated to be 53° from the vertical. Compared to the depth of the ABL (1100 m on average), this structure has fairly large scales in the vertical and streamwise directions. Considering also the vertical profiles of wind direction (e.g. Fig. 4 ), the deviation of the structure from the vertical plane toward the lateral direction is not large.
This pattern is similar to the structures reported previously based on observations (Gao et al. 1989) and numerical experiments using LES (Su et al. 1998; Watanabe 2004) for plant canopies. These studies revealed microfrontal structures of scalar concentration and ejection-sweep structures of velocity. Using the data acquired by low-level aircraft flights, Mahrt (1991) reported that horizontal convergence at the microfront can be interpreted as the result of descending wind gusts impinging on slower moving air rising from the surface. Compared to the foregoing observations (up to approximately twice the 14 forest height in Gao et al. 1989 ), the present Doppler sodar observations make it possible to investigate the structures over a wide height range. Although the mechanism of generation of these large-scale high-speed structures cannot be clarified in our study, the downward movement of the high-speed structure in a real sense, the maximum w value of -2.6 m s -1 , suggests that the structure has arrived from considerably higher levels in the ABL.
Nine other cases in which near-neutral stability conditions prevailed were also analyzed in the present study (10 cases Thus, it appears likely that the turbulence structure depicted in Fig. 6 is a common feature of the near-neutral ABL.
Overall Features of Turbulence Structures and Contribution to Momentum Transfer
The overall appearance of turbulence structures in the ABL is investigated in this section.
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As a simple method, regions of turbulence structures in the time-height cross-section (e.g. the total number and duration of the determined regions or periods of high-speed structures. This was examined for the sonic anemometer data in the case of December 8, 1998 at Shionomisaki (case A4). Figure 7 illustrates the variation of the total number of high-speed structures in this case with the threshold value for wavelet coefficients. Above the threshold value near 0.5, the total number of structures decreases rapidly. For further high threshold values above the value near 1.2, a small number of structures (strong events) remain. Considering this tendency, the threshold value was selected. Even so, it seems that the criterion to extract the turbulence structures inevitably is arbitrary. In the present case, 18 periods of high-speed structures during the full observational case (202 min for the analysis) were detected using the adopted threshold value of 0.5 from the wavelet coefficients for the u velocity component obtained by the sonic anemometer. The mean interval of time between the structures (T S ) is 670 s, corresponding to a spatial scale of 3,500 m. In this connection, the mean duration of the structures is 170 s. Therefore, the time fraction of the total period is evaluated as 25%. In regard to the number of structures, Barthlott et al. (2007) observed on average between 7 and 11 coherent structures every 30 min in the surface layer. It is likely that their method using the most representative scale from the wavelet variance spectrum detects smallscale structures as compared to the present analysis, as was pointed out in the previous section.
In analogy to the bursting phenomenon, the non-dimensional interval of time between structures (T N ) is evaluated as follows: observed by the Doppler sodar. We used the same threshold value of 0.5 as in the abovementioned cases. Also in Table 2 , the mean distances between structures, which were converted from the mean interval of time by using the mean value of u at the same 19 measurement level, are listed. In the case of no measurement for the depth of the ABL (case A1), only the mean distance was evaluated.
Obtained values in the range of 3.0-6.2 for the non-dimensional interval of time between high-speed structures, except for the rather high value in case A3, almost coincide with the general value of the normalized burst rate. Although their evolution processes may be different from each other, resultant structures have similar appearances.
Spatial structures of turbulent bursts and the evolution of their features with time have been precisely investigated in laboratory experiments. On the other hand, the threedimensional spatial structure and temporal evolution of the high-speed structures in the ABL have not been observed to date. As for the mean distances between high-speed structures, a small change in the range of 3,800-5,400 m is indicated in Table 2 . This implies that a common process is present in the formation of these structures.
For the next step of the analysis, the contribution of large-scale high-speed structures to momentum transfer is examined. Since the large sampling interval of the Doppler sodar is insufficient to detect all dominant eddies (e.g. frequency scale of approximately 0.005-0.026 s -1 from the cospectral analysis for case A4), the sonic anemometer measurements at Shionomisaki (20-m height) are used to investigate the contribution of these structures in the surface layer. For the evaluation of the relative importance to momentum transfer, the average value of instantaneous u′w′ in the large-scale high-speed structures decided as above is compared with the overall average value of u′w′ for the entire analyzed period. This ratio is the same as the transport efficiency of structures, which was introduced by Barthlott et al. (2007) . For the u′w′ values, the u and w velocity components are taken in the same manner as in Section 3.1. The result for the case on December 8, 1998 at Shionomisaki (case A4) is a value of 1.35, revealing that large-scale high-speed structures make a large contribution to momentum transfer. In this case, the high-speed structures determined by the sonic anemometer data, which cover 25% of the entire analyzed period, transfer 34% of the momentum at this level (20 m). 
Ejection and Sweep Motions
Turbulent motion can be classified into four quadrants on the u′, w′ plane as follows:
In these quadrants, ejection and sweep motions contribute to the downward transfer of momentum (u′w′ < 0). The ejection motion is a low-speed upward turbulent motion and the sweep motion is a high-speed downward turbulent motion. In this connection, the flux fraction is the relative contribution of the motion in each quadrant to the momentum flux Table 3 ) owing to the distance between the two levels. Even so, large-scale high-speed structures at higher levels, possibly extending from the middle layer of the ABL (see the time-height crosssection in Fig. 8) , induce a great deal of sweep motion in the surface layer.
Concluding remarks
We studied high Reynolds number flow in the near-neutral ABL to clarify features of coherent turbulence structures and the related processes for momentum transfer. By the method of event detection using an integral wavelet transform, a descending high-speed structure was revealed by Doppler sodar. This structure is essentially a specific type of coherent structure that has been previously shown in experiments on turbulent boundarylayer flow. In advance of the high-speed structure, an ascending low-speed region was also revealed. These form an ejection-sweep structure, consistent with the results of previous field and numerical experiments. Observational cases at two places were examined in our study, and further observations including those at other sites and in different conditions are considered necessary in order to refine our findings. Three-dimensional spatial structures of turbulence and the evolution of these structures are also of interest, and their study will require numerical experiments or fast-scan observations with remote sensing instruments. 
